Abstract Gene transfer is an important tool to explore genomic, cell biologic, or gene therapeutic research. In this paper we report that several cationic amphiphiles have the potential to efficiently deliver DNA into CHO cells, which is one of the cell lines considered to be important for production of proteins including therapeutic proteins. We have found that O,O¢-ditetradecanoyl-N-(trimethylammonio acetyl) diethanolamine chloride (14Dea2), among 29 types of cationic amphiphiles tested, shows a transfection efficiency of more than 40% in CHO cells. In addition, the results from a series of hydrocarbon chains of varying lengths bound to a connector have shown that an optimal chain length is important for the efficient delivery of DNA into cells. Moreover, flow cytometer analysis has shown that 14Dea2 transfection leads to high levels of expression of the reporter gene (green fluorescent protein) in individual cells. These findings have suggested that 14Dea2 is able to effectively deliver a number of plasmids into a cell nucleus. Thus, our system might be a powerful tool for high efficiency gene transfer and production of high levels of recombinant protein.
Introduction
Gene transfer techniques in mammalian cells serve as an important tool in genomic, cell biologic, or therapeutic research. They have been developed to utilize liposomes (Schaeffer-Ridder et al. 1982; Felgner et al. 1987) , calcium phosphate (Graham and Van der Eb 1973; Chen and Okayama 1987) , DEAE dextran (McCutchan and Pagano 1968; Lopata et al. 1984) , ballistic delivery (Johnston and Tang 1993) , viral systems (Cone and Mulligan 1984) , microinjection (Capecchi 1980) , and electroporation (Neumann et al. 1982; Chu et al. 1987) . Liposome-mediated gene transfer is the most widely used method. Actually, several liposome reagents such as Lipofectin, Lipofectamine 2000 (Invitrogen), FuGENE 6 (Roche Applied Science), CLONfectin (Clontech, Takara Bio), or Geneporter (Gene Therapy systems) are commercially available and are used for gene transfer approaches in a number of cell types and tissues. Formation of liposome-DNA complexes protects the DNA and acts as a vehicle that delivers target genes into cells with lower cell toxicity as compared to calcium phosphate, viral vectors, or other systems.
Chinese hamster ovary (CHO) cell is one of the cell lines that is considered highly efficient for the production of proteins including therapeutic proteins. For example, human erythropoietin (Davis et al. 1987; Mori et al. 1994 ; Lee et al. 1999) , human transforming growth factor beta (Derynck et al. 1985; Bourdrel et al. 1993) , or human bone morphogenetic protein-2 (Wozney et al. 1988; Israel et al. 1992 ) have been commercially produced using CHO cells. For these reasons, many studies involving CHO cells have provided a novel approach for the increased synthesis of recombinant proteins (Dorner et al. 1989; Gu et al. 1994 ), effective expression of foreign genes (Cockett et al. 1991; Lucas et al. 1996; Lacy-Hulbert et al. 2001) , stable protein production (Waldman and Waldman 1998; Barnes et al. 2003) , or stably transfected cell lines (Perret et al. 1990; Gurtu et al. 1996; Zahn-Zabal et al. 2001) . In previous studies, we reported that novel quaternary ammonium amphiphiles have a potential to deliver plasmids including reporter genes into mammalian cells (Ito et al. 1990; Akao et al. 1994) . In this study, to further develop our gene transfer system for mammalian cells, we tried to optimize the conditions for the cationic amphiphile-mediated transfection into CHO cells. Here, we found that 14Dea2, among 29 types of cationic amphiphiles tested, has a potential to yield the highest efficiency of gene transfer and high levels of green fluorescent protein (GFP) expression in individual cells. These findings suggest that our system might be useful for achieving a high efficiency of gene transfer and the production of high levels of recombinant protein.
Materials and methods

Cationic amphiphiles and expression vector
The cationic dialkyl ammonium amphiphiles were synthesized as previously described (Kunitake and Okahata 1977; Kunitake et al. 1980; Kunitake 1986 ). Briefly, 14Dea2 was derived from diethanolamine which was used as a connector to bind two hydrocarbon chains (Fig. 1a) . Moreover, 12Glu4 was from glutamine which was used as a connector to bind two hydrocarbon chains. The other amphiphiles-14Asp2, 12GluP2, and 12GluN3-contain asparagine, glutamate and phenylene group, and glutamate naphthalene group, respectively, as a connector of two hydrocarbon chains. For 2C16NC2, the hydrocarbon chains were directly bound to the ammonium nitrogen.
The pCMV-GFP vector (Clontech, Takara Bio) used in all the experiments contains a green fluorescent protein (GFP) as a reporter gene under the control of the cytomegalovirus (CMV) immediate early promoter.
Cell culture and transfection CHO-K1 cells (Riken BioResource Center) were maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) with 10% FBS (ICN Biomedicals) at 37°C. For DNA transfection, the cells were plated into 24-well plates at a density of 1.0 · 10 5 cells per well. Various amphiphile solutions were prepared by ultrasonication for 1.0 min in H 2 O at a final concentration of 1.3 mM. The plasmid DNA (1.0 lg) and amphiphile solutions (5.0 ll) were mixed in 150 ll of the medium and then incubated for 5.0 min at room temperature. The cells were washed once with the medium. Subsequently, 150 ll of the medium and 150ll of amphiphile/DNA mixtures were added, and the cells were incubated for 3.0 h at 37°C. Following transfection, the medium was shifted to fresh DMEM with 10% FBS and GFP-positive cells were detected after 24 h by fluorescence microscopy. For quantitative estimations, fluorescent cells were counted in more than three different views (at least 300 cells per view) by a fluorescence microscope and analyzed by fluorescence-activated cell sorting (FACS) using an EPICS flow cytometer (Beckman Coulter). Cell viability was measured by using a 0.1% trypan blue dye (Invitrogen) exclusion assay after 24 h transfection.
For calcium phosphate transfection, a coprecipitate of the plasmid (1.0 lg per well) and calcium phosphate was allowed to form by slowly mixing into HEPES-buffered saline. After incubation for 30 min at room temperature, the precipitate was slowly added to the cells and incubated for 3.0 h before being replaced with 10% FBS-supplemented DMEM.
Trypan blue exclusion assay
Twenty-four hours after transfection, CHO cells treated as indicated were harvested by 0.2% trypsin-EDTA solution and stained for 5.0 min with 0.1% trypan blue dye solution (Invitrogen). Cell viability was expressed as the percentage of trypan blue-unstained cells. At least 300 cells per treatment were counted under microscope.
Flow cytometry analysis
To estimate the fluorescence intensity of GFP expression in individual cells, CHO cells were harvested using 0.2% trypsin-EDTA solution at 24 h post transfection and 5.0 · 10 4 events were analyzed on an EPICS flow cytometer with a 488-nm argon laser at 550 V. The high fluorescence intensity of GFP-positive cells was estimated as a range of more than 10 2 FL1 LOG on a flow cytometry histogram. 
Results
Transfection efficiencies of various cationic amphiphiles for CHO cells
In the first series of experiments, we tested the various types of cationic amphiphiles to develop a high efficiency of transfection for CHO cells. Cells were incubated for 3.0 h with amphiphile/DNA mixtures, and GFP expression was measured at 24 h post transfection. The transfection mixtures contained a final concentration of 0.02 mM (6.5 nmol) amphiphile and 1.0 lg DNA, which were mixed so as to obtain a 1:2 ratio of cationic amphiphile charges to anionic DNA charges. We found that six types of amphiphiles (Fig. 1a) showed a transfection efficiency of 15% or more in cells; 14Dea2, 24.3 ± 2.24%; 14Dea6, 14.6 ± 2.29%; 14Glu4, 18.7 ± 3.21%; 14Glu6, 22.2 ± 3.42%; 14Asp2, 18.0 ± 3.93%; and 2C16NC2, 15.7 ± 3.21% (Fig. 1b) . Further, the results from a series of hydrocarbon chains of varying lengths bound to a connector showed that an optimal chain length significantly increases the transfection efficiency; for example, comparisons between the transfection efficiencies of 14Dea2 (24.3 ± 2.24%) and 12Dea2 (0%), 14Glu4 (18.7 ± 2.31%) and 14Glu2 (0.45 ± 0.19%), or 2C16NC2 (15.7 ± 3.21%) and 2C14NC2 (0.55 ± 0.25%). Thus, the length of the hydrophobic chain played an important role in gene transfer into cells.
Effects of serum on amphiphile transfection
We examined the effects of serum on the transfection efficiency with 14Dea2, 14Dea6, 14Glu4, 14Glu6, 14Asp2, and 2C16NC2. When CHO cells were incubated for 3.0 h with transfection mixtures containing an increased concentration of serum (1.0-10%), the transfection efficiency was significantly reduced in the presence of 2.5% or more serum, except in the case of 14Dea2 (Fig. 2) . In the case of 14Dea2, which gave the highest efficiency among the amphiphiles tested, the addition of less than 2.5% serum scarcely reduced the efficiency. These results showed that 14Dea2 has a significantly higher transfection efficiency on CHO cells than the other amphiphiles.
Optimization of amphiphile/DNA ratio
The optimal amphiphile/DNA ratio on cationic/ anionic charges was examined by varying the DNA concentration and the amphiphile volume. For dose response of 0.2-4.0 lg DNA per well against 5.0 ll amphiphile per well, 14Dea2 and 2C16NC2 in the amphiphile/DNA ratio of 3:4 (1.5 lg DNA per well) yielded the significantly high transfection efficiency, whereas 14Dea6, 14Glu4, 14Glu6, and 14Asp2 showed an optimal ratio of 1:2 (1.0 lg DNA per well) (Fig. 3a-f) . In particular, when cells were incubated for 3.0 h with a 3:4 ratio of 14Dea2/DNA, the efficiency reached the maximal level at 41.3 ± 2.31% (Fig. 3a) . In contrast, when CHO cells were incubated for 3.0 h with 2.5 lg DNA or more per well, which neutralized the net positive charge of the amphiphile/DNA complexes, the efficiency was significantly reduced. For dose response of 1.0-10 ll amphiphile per well against 1.0 lg DNA per well, 14Dea2 at a dose range of 4.0-6.0 ll showed the higher transfection efficiency from 26.3 ± 12.9% at 4.0 ll to 22.4 ± 5.57% at 6.0 ll (Fig. 3h) , whereas the other amphiphiles showed an following optimal range; 14Dea6, 5.0-7.0 ll per well; 14Glu4 and 14Glu6, 6.0-8.0 ll per well; 14Asp2, 7.0-9.0 ll per well; 2C16NC2, 9.0-10 ll Fig. 2 Effects of serum on amphiphile-mediated transfection. Cells were plated in 24-well plates and incubated for 3.0 h with the amphiphile/DNA mixtures (a ratio of 1:2) containing the indicated concentrations of serum (0-10%). GFP-positive cells were counted in more than three different views (at least 300 cells per view) at 24 h post transfection by a fluorescence microscope. All data points are averaged from three replications on different days and expressed as the mean ± standard deviation Cell viability at dose response of DNA. Cell viability was measured by using trypan blue exclusion assay after 24 h transfection (as described in ''Materials and methods''). (h-m) Transfection efficiencies under various volumes of 1.3 mM amphiphile solutions (0-10 ll per well). Cells were plated in 24-well plates and incubated for 3.0 h with 1.0 lg DNA and the indicated amphiphile volumes. GFP-positive cells were counted in more than three different views (at least 300 cells per view) at 24 h post transfection by a fluorescence microscope. (n) Cell viability at dose response of amphiphile. Cell viability was measured by using trypan blue exclusion assay after 24 h transfection (as described in ''Materials and methods''). All data points are averaged from three replications on different days and expressed as the mean ± standard deviation per well (Fig. 3i-m) . In particular, when cells were incubated for 3.0 h with 7.0 ll 14Glu6 per well, the efficiency reached the higher level at 29.0 ± 3.80% (Fig. 3k) . These results showed that the amphiphile/DNA ratio is important for gene transfer and an optimal ratio of 5.0 ll 14Dea2:1.5 lg DNA has the highest efficacy to enhance gene expression.
Next, we estimated cell toxicity in transfection testing for the dose responses of DNA and amphiphile by using trypan blue staining. Cell viability in transfection with 14Dea2 or 2C16NC2 was 94.0 ± 3.50% at 5.0 ll 14Dea2:1.0 lg DNA and 96.8 ± 3.93% at 5.0 ll 2C16NC2:1.0 lg DNA (Fig. 3g) , whereas the other amphiphiles showed 99.5 ± 9.85% cell death at 8.0 ll 14Dea6:1.0 lg DNA, 97.9 ± 1.32% at 10 ll 14Glu4:1.0 lg DNA, 97.5 ± 2.20% at 9.0 ll 14Glu6:1.0 lg DNA, and 94.5 ± 5.20% at 10 ll 14Asp2:1.0 lg DNA (Fig. 3n) . Thus, the trypan blue exclusion analysis showed that transfection mediated by six types of amphiphiles had low cell toxicity to CHO cells and more than 90% cells were viable irrespective of the transfection treatment.
Optimization of transfection time for 14Dea2
We found that 14Dea2 has the highest transfection efficiency in CHO cells. In order to determine the optimal time for gene transfer with 14Dea2, cells were incubated for different time intervals (0.2-6.0 h) with the 14Dea2/DNA mixtures (a ratio of 3:4) and the transfection efficiency after 24 h was measured. As shown in Fig. 4 , the efficiency was increased from 6.55 ± 1.03% at 0.5 h, saturated at 3.0 h (40.3 ± 1.55%), and reached 47.4 ± 1.89% at 6.0 h. Similar results were obtained from the other amphiphile-mediated transfection, namely, with 14Dea6, 14Glu4, 14Glu6, 14Asp2, and 2C16NC2 (data not shown). Thus, our amphiphiles, as demonstrated by 14Dea2, required at least 3.0 h incubation for gene transfer.
14Dea2 enhances the number of cells with high GFP expression level Transfection techniques for the high expression of target proteins in mammalian cells are efficient tools to establish a production system for recombinant proteins. We measured the fluorescence intensity of GFP expression in individual cells transfected with six types of amphiphiles by a flow cytometry analysis (488-nm argon laser at 550 V). When cells were incubated for 3.0 h with the indicated amphiphile/DNA mixtures, 14Dea2 dramatically gave rise to a greater number of cells (28.9 ± 3.39%) in the range of high fluorescence intensity (shown as ''High'' on a flow cytometry histogram) as compared with 14Dea6 (7.78 ± 1.09%), 14Glu4 (8.73 ± 0.91%), 14Glu6 (15.8 ± 1.71%), 14Asp2 (8.27 ± 0.95%), and 2C16NC2 (9.45 ± 1.27%) (Fig. 5a-g ). In addition, we examined the efficiency of calcium phosphatemediated transfection in CHO cells. When cells were incubated for 3.0 h with calcium phosphate/ DNA mixtures in DMEM containing 10% FBS, the efficiency was 0.35 ± 0.19% in the range of high fluorescence intensity (Fig. 5h) and 2.12 ± 0.19% of the total number of GFP-positive cells (data not shown). In contrast with 14Dea2, transfection with calcium phosphate did not induce high levels of GFP expression in individual cells. Thus, 14Dea2 has a potential to effectively deliver a large number of plasmids into individual cells since the high levels of GFP expression were driven by the number of intracellular GFP genes. These findings have shown that 14Dea2 is a powerful tool to achieve both high efficiency of transfection and high expression of foreign genes. 
Discussion
In this paper, we have demonstrated that our cationic amphiphile-mediated gene transfer system is a powerful method to introduce and express a foreign gene (GFP) in CHO cells. The liposome is able to spontaneously interact with DNA, fuse with cellular membranes, and facilitate the delivery of functional DNA into the cells. Among the cationic amphiphiles examined, a cationic liposome formed by 14Dea2 (O,O¢-ditetradecanoyl-N-(trimethylammonio acetyl) diethanolamine chloride) had the highest transfection efficiency for CHO cells. The chemical structure of 14Dea2 (Fig. 1a) may be optimal to deliver DNA to cells. Interestingly, the lengths of the hydrocarbon chains included in the amphiphiles were significantly important in the delivery of DNA into cells. As shown in Fig. 1b , we found a dramatic difference between the transfection efficiencies of 14Dea2 and 12Dea2. The removal of two hydrocarbon chains from 14Dea2 led to an almost complete loss of transfection ability. It appears that optimal lengths of the hydrocarbon chains are important for the construction of amphiphile/ DNA complexes that effectively deliver DNA into mammalian cells.
The use of cationic liposome has several advantages, for example, low cytotoxicity, simple preparation, safety, stability, storage, and wide applicability in various cell types. In fact, our cationic amphiphiles had high stability on storage at room temperature, low cytotoxicity, simple method of preparation, and high efficiency of gene transfer. In this study, several parameters were examined to optimize the transfection efficiency. We found that the optimal 14Dea2/DNA ratio of 3:4, which is cationic amphiphile charges to anionic DNA charges, gave rise to 41.3% or a higher efficiency in CHO cells (Fig. 3a) and low cell toxicity of 2.88 ± 2.72% (Fig. 3g) . These results suggest that 14Dea2-mediated transfection is very useful as a research tool for gene transfer in mammalian cells. Interestingly, neutralization of the net positive charge of the amphiphile/DNA complexes led to a significant reduction in the transfection efficiency. This finding suggests that the net positive charge of the amphiphile/DNA complexes might be an important property for the initial interaction with the negative surface charge of cellular membranes.
It is important to understand gene transfer in CHO cells since they are a widely used cell line for the production of recombinant proteins such as human erythropoietin (Mori et al. 1994; Lee et al. 1999) , human transforming growth factor beta (Bourdrel et al. 1993) , human bone morphogenetic protein-2 (Israel et al. 1992) , or monoclonal antibodies (Rü ker et al. 1991; Page and Sydenham 1991; Ierino et al. 1993) . In this paper, we have shown that 14Dea2-mediated transfection is able to induce high levels of GFP expression in individual cells in contrast with the other amphiphiles or calcium phosphate (Fig. 5) . The results have shown that 14Dea2 has the potential to deliver a great number of plasmids that introduce foreign genes into a cell nucleus and to enhance the protein production in individual cells. Our gene transfer techniques could be very useful not only for high efficiency of gene transfer but also for high expression to establish a cell clone available for high production of recombinant proteins.
